In 2010, China's cement output was 1.9 gigatonnes, which accounted for 56% of world cement production. Total carbon dioxide (CO 2 ) emissions from Chinese cement production could therefore exceed 1.2 gigatonnes. The magnitude of emissions from this single industrial sector in one country underscores the need to understand the uncertainty of current estimates of cement emissions in China. This paper compares several methodologies for calculating CO 2 emissions from cement production, including the three main components of emissions: direct emissions from the calcination process for clinker production, direct emissions from fossil fuel combustion and indirect emissions from electricity consumption. This paper examines in detail the differences between common methodologies for each emission component, and considers their effect on total emissions. We then evaluate the overall level of uncertainty implied by the differences among methodologies according to recommendations of the Joint Committee for Guides in Metrology. We find a relative uncertainty in China's cement-related emissions in the range of 10 to 18 percent. This result highlights the importance of understanding and refining methods of estimating emissions in this important industrial sector.
Introduction
With the rapid growth of gross domestic product (GDP) and urbanization, China's cement output has increased rapidly since the 1980s. Figure 1 shows China's GDP and cement output from 1980 to 2010. In 1985, China became the world's largest cement producer (CCA, 2010) . In 2010, China produced 1.87 gigatonnes (Gt) of cement, accounting for 56% of global cement production (CEMBUREAU, 2011; Ma, 2011) . In 2011, China's cement output further increased to 2.09 Gt, up more than 200 million metric tons (Mt) from 2010 (MIIT, 2012) . Source: CCA, 2010 CCA, , 2011 CEMBUREAU, 2011; Digital Cement, 2011; Ma, 2011; NBS, 2010b Cement production emits carbon dioxide (CO 2 ) both directly and indirectly (CSI, 2005; Worrell et al., 2001) . The direct CO 2 emissions mainly include the CO 2 emissions from chemical reactions in the cement production process (mainly from limestone calcination) and the CO 2 emissions from fossil fuel use for cement production (CSI, 2005 (CSI, , 2011 Worrell et al., 2001) . Indirect CO 2 emissions result mainly from electricity consumption for cement production, or more specifically, from "external production of electricity consumed by cement producers" (CSI, 2011) . Direct CO 2 emissions from fossil fuel combustion and indirect CO 2 emissions from electricity consumption are usually considered as energy-related CO 2 emissions, while direct CO 2 emissions from the calcination process in cement making are usually called cement process CO 2 emissions.
Cement production is a major source of CO 2 emissions in China owing to the large volume produced (CCA, 2010 (CCA, , 2011 Gregg et al., 2008; PBL, 2008; Wang, 2008) . Generally speaking, the CO 2 emissions intensity of China's cement production is high due to the large amount of outdated, inefficient production capacity and the coal-dominated energy mix. We note that China's cement industry has significantly reduced CO 2 emissions intensity in recent years, although the total CO 2 emissions from cement production have increased because of the rapid growth of cement production during the same time period (Ke et al., 2012) .
The estimation of the CO 2 emissions from China's cement production has attracted worldwide attention (Gregg et al., 2008; IEA, 2007; Ke et al., 2012; Li et al., 2011; PBL, 2008; Tong et al., 2010; Wang, 2008) . However, we note that different studies give very different estimates, which raises the issues of discrepancies and uncertainties in the data (Afsah and Aller, 2010) . This study aims to evaluate the different estimation methodologies and estimate CO 2 emissions from China's cement production in a systematic manner as well as to better understand the uncertainties in the various estimation methodologies.
Process CO2 emissions from cement production

Overview
Cement process CO 2 emissions mainly come from calcination of calcium carbonate (CaCO 3 ) and magnesium carbonate (MgCO 3 ) in the raw meal for clinker production, which can be expressed by the following chemical equations (Worrell et al., 2001 Calculations based on the above equations show that the calcination of 1 tonne (t) of CaCO 3 emits about 0.44 t of CO 2 , and the calcination of 1 t of MgCO 3 emits about 0.52 t of CO 2 .
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Generally speaking, there are two types of widely-accepted and often-used calculation methods for estimating the process CO 2 emissions from cement production: the input (raw materials, or raw meal in particular) method and the output (clinker is preferred) method (CSI, 2005 (CSI, , 2011 . Some rough estimation methods are also used in the absence of relevant data or for convenience.
The input method calculates calcination CO 2 emissions based on the volume and carbonate content of the raw materials consumed for cement production (CSI, 2005 (CSI, , 2011 . The raw meal-based input method is often used in the United States and Japan (CSI, 2005) . The clinker-based output method calculates calcination CO 2 emissions based on the volume and composition of clinker produced plus discarded dust and CO 2 emissions from organic carbon in raw materials (CSI, 2005) . The clinker-based output method has been adopted by the Intergovernmental Panel on Climate Change (IPCC) as the Tier 2 method for national greenhouse gas inventory calculations (IPCC, 2006) , while the IPCC Tier 1 method estimates clinker production from cement production data (IPCC, 2006) . The IPCC Tier 3 method is a comprehensive method based on raw material inputs but may not be practical for many cement facilities due to its extensive data requirements (CSI, 2011) . The raw meal-based input methods are already successfully used in practice and seem to be more practical than the IPCC Tier 3 methodology (CSI, 2011) . Both the input method and the output method are included in the Cement Sustainability Initiative (CSI) Cement CO 2 and Energy Protocol Version 3 (CSI, 2011). As the calcination equations show, the input and output methods are equivalent in theory (CSI, 2011) .
Because China has primarily adopted the clinker-based output method, we further discuss its calculation methodology. The calcination CO 2 emission factor (t CO 2 per t clinker production) can be calculated based on the measured calcium oxide (CaO) and magnesium oxide (MgO) content of the clinker (Wang, 2009) :
where CC represents the calcination emission factor; α and β is the share of CaO and MgO content in clinker, respectively; M r (CO 2 ), M r (CaO) and M r (MgO) are the relative formula mass of CO 2 , CaO, and MgO, respectively (Wang, 2009 ).
The emission factor should be corrected if significant quantities of CaO and MgO in the clinker originated from the non-carbonate sources (CSI, 2005) , such as in the case where calcium silicates or fly ash are used as raw materials entering the kiln (CSI, 2005) .
According to the IPCC (2006) and CSI (2005) , CO 2 emissions from bypass dust or cement kiln dust (CKD) leaving the kiln systems should be calculated separately, taking into consideration the degree of calcination of the dust (CSI, 2005) . The IPCC (2006) does not distinguish bypass dust and cement kiln dust, while CSI (2005) proposes different calculation methods for bypass dust and cement kiln dust.
Besides inorganic carbonates, the raw materials used for clinker making usually contain a small amount of organic carbon (CSI, 2005; Wang, 2009) . Most of the organic carbon is converted to CO 2 during pyro-7 processing of the raw meal (CSI, 2005) . The CO 2 emissions from organic carbon in raw materials should also be taken into consideration to ensure the completeness of the inventory (CSI, 2005; Wang, 2009 Source: CBMF and QEASCBM, 2012; CCA, 2008 CCA, , 2009 CCA, , 2010 CCA, , 2011 Digital Cement, 2011; MIIT, 2012; Zhou, 2011 
Estimation based on the IPCC Tier 1 and Tier 2 method
The IPCC Tier 1 method estimates clinker production from the use of cement production data (IPCC, 2006) . Specifically, the IPCC Tier 1 method estimates clinker production based on production data of each type of cement and its clinker-to-cement ratio and then uses the default clinker emission factor with correction for discarded dust to estimate the CO 2 emissions from cement production (IPCC, 2006) . The IPCC Tier 2 method suggests calculating the CO 2 emissions from the calcination process based on the CaO content in the clinker produced (IPCC, 2006) . In the absence of specific data, IPCC suggests using a default CO 2 emission factor of 510 kilograms (kg) per t clinker produced which corresponds to a default CaO content in clinker of 65%, and incorporating a 2% correction factor for discarded dust. The IPCC methodology and default emission factor are widely accepted; the U.S. Geological Survey (USGS, 2010) and Energy Information Administration (EIA, 2008) follow the IPCC methodology and use the default emission factor to estimate CO 2 emissions from cement production. China has adopted the revised 1996 IPCC Guidelines for its national greenhouse gas inventory calculations. Based on China's clinker production data shown in Table 1 , process CO 2 emissions from China's cement production in 2005-2007 are calculated using the IPCC Tier 2 method and the default CO 2 emission factor and are shown in Table 2 . Specifically, the CO 2 emissions from clinker production are calculated by multiplying the clinker production by the default CO 2 emission factor for clinker production (without discarded dust correction), the CO 2 emissions from discarded dust are calculated by multiplying the CO 2 emissions from clinker production by correction factor for discarded dust. Total CO 2 emissions are the sum of CO 2 emissions from clinker production and CO 2 emissions from discarded dust. Source: Boden et al., 2011; CCA, 2008 CCA, , 2009 CCA, , 2010 CCA, , 2011 CSI, 2005 CSI, , 2011 IPCC, 2006; JRC and PBL, 2011; Wang, 2006 Wang, , 2008 Calculations by authors. (CSI, 2005) .
c Estimated by EDGAR (JRC and PBL, 2011) .
d Calculated according to the estimate of EDGAR (JRC and PBL, 2011) and cement production data (CCA, 2010) .
e Estimated by CDIAC (Boden et al., 2011) .
f Calculated according to the estimate of CDIAC (Boden et al., 2011) and cement production data (CCA, 2010) .
g Calculated according to the emission factor adopted by Wang (2006 Wang ( , 2008 and cement production data (CCA, 2010) . CSI (2005) finds the IPCC Tier 1 and Tier 2 default emission factor to be an underestimate as it does not include the CO 2 emissions from the calcination of MgCO 3 . CSI (2005) thus suggests calculating CO 2 emissions from the calcination process based on the CaO and MgO content in the clinker. In the absence of specific data, a default emission factor of 525 kg CO 2 per t clinker is recommended by CSI (2005), corresponding to the IPCC Tier 1 and Tier 2 default emission factor with correction for calcination of MgCO 3 . CSI (2005) also points out that higher default emission factors suggested by other countries or organizations may also be due to the inclusion of emissions from the calcination of MgCO 3 .
Estimation using the CSI clinker-based output method
CSI (2005) suggests that bypass dust and CKD should be calculated separately. Because bypass dust is usually fully calcined, CSI (2005) thus recommends that emissions related to bypass dust should be estimated using the emission factor for clinker. Because CKD is usually not fully calcined, CSI (2005) recommends that the emission factor for CKD should be determined based on the emission factor for clinker and the calcination rate of the CKD. In the absence of specific data, CSI (2005) also recommends the 2% correction factor should be used by noting that this default may be an underestimate in cases where significant amounts of dust leave the kiln system. Because the contribution of organic carbon to overall emissions is usually small, in the absence of specific data, CSI (2005) recommends a simplified calculation method which multiplies clinker production with the default raw meal-to-clinker ratio of 1.55 and default total organic carbon (TOC) content in raw meal of 2 kg carbon per t raw meal. Table 2 lists the process CO 2 emissions from China's cement production in 2005-2007 calculated using the CSI clinker-based output method and defaults. Total process CO 2 emissions are the sum of CO 2 emissions from clinker production (without discarded dust correction) and CO 2 emissions from discarded dust and TOC.
Estimates by the Emission Database for Global Atmospheric Research
The Emission Database for Global Atmospheric Research (EDGAR) is a joint project of the European Commission Joint Research Centre (JRC) and the Netherlands Environmental Assessment Agency (PBL). EDGAR develops and maintains databases of global emissions of greenhouse gases and air pollutants by country (JRC and PBL, 2011) . EDGAR is referenced by the PBL for its world CO 2 emissions report (PBL, 2008) . Table 2 lists EDGAR's estimate of process CO 2 emissions from China's cement production in 2005 -2007 (JRC and PBL, 2011 .
Estimates by the Carbon Dioxide Information Analysis Center
The Carbon Dioxide Information Analysis Center (CDIAC) (2011) at Oak Ridge National Laboratory (ORNL) publishes its estimates of regional carbon emissions from fossil fuel burning and cement production annually. CDIAC (Boden et al., 2011 ) estimated China's process carbon emissions from cement production to be 145. Table 2 lists the CO 2 equivalent process emissions, which are calculated by multiplying the carbon emissions by a factor of 3.667 (Boden et al., 2011) . This calculation shows an implied emission factor of about 0.5 t CO 2 per t of cement in CDIAC's estimate of China's process emissions from cement production. Unlike many developed countries such as the United States (Bhatty et al. 2004 ), China's cement output is very large, but the majority of cement production is low grade cement usually associated with a low clinker-to-cement ratio. As seen in Table 1 , China's clinker-to-cement ratio has decreased significantly in recent years: from 73% in 2005 to 70% in 2007, and further to about 62% in (Digital Cement, 2011 MIIT, 2012) . Because process emissions from cement production come mainly from the calcination process for clinker making, a lower clinker-to-cement ratio generally results in a lower emission factor for cement production, in terms of CO 2 emissions per unit of cement produced. Compared to the results from the clinker-based method recommended by IPCC and CSI, CDIAC's emission factor is clearly high. We note that CDIAC's relatively higher emission factor is equivalent to the assumption of a high clinker-to-cement ratio, which may overestimate the process CO 2 emissions from China's cement production. Wang (2008 Wang ( , 2009 Wang ( , 2011 was the primary researcher contributing to the development of Chinese industrial and national standards for calculating CO 2 emissions from cement production. The national standard is also the basis for the Chinese environmental standard for low-carbon cement labeling (MEP, 2011) . Based on a number of statistical analyses, Wang (2006 Wang ( , 2008 adopted an emission factor of 0.425 t CO 2 per t cement to roughly estimate the process emissions from China's cement production in 2005 and 2007. This is a rough estimation method as it applies a default emission factor to cement output directly, not taking into consideration the content of clinker and the clinker-to-cement ratio. Because of its simplicity and convenience, this default emission factor was also used by other Chinaspecific studies, e.g. TUC (2008) and ERI (2010) . Based on this default emission factor and China's cement output, the process emissions from China's cement production can be estimated and the results are listed in Table 2 . It should be noted that the systematic calculation methodology proposed by Wang in support of the industrial and national standard on cement production emissions calculation generally follows the IPCC guidelines and CSI methodology, with some China-specific modifications (CSI, 2005; Wang, 2009 Wang, , 2011 .
Estimation based on the emission factor adopted by Wang
Direct CO2 emissions from fossil fuel use
Estimation of direct CO2 emissions from fossil fuel use
Cement production is very energy intensive and consumes a large amount of fuel 1 (CCA, 2011; Worrell et al., 2001 ). Combustion of fossil fuels, including conventional fossil fuels (such as coal) and alternative fossil fuels (or fossil wastes), results in a large amount of direct CO 2 emissions. The CO 2 emissions from fossil fuel combustion are calculated based on the fuel used and the fuel CO 2 emission factor. More specifically, the total CO 2 emissions from fossil fuel combustion, denoted as CE ff , can be calculated using the formula:
where FC i denotes the total heat value of the ith type of fossil fuel used for cement production, in units of terajoule (TJ); EF i is the emission factor of the ith type of fossil fuel, in units of t CO 2 per TJ; nfc represents the number of total types of fossil fuel used for cement production.
Based on the estimation of final energy consumption and fuel mix of China's cement production, Ke et al. (2012) The sources of uncertainty in estimation of CO 2 emission from fossil fuels use mainly arise from the energy statistics (fuel use and heating value) and emission factors used. Due to a large amount of inefficient cement kilns, mainly vertical shaft kilns (VSK), China's cement production is very energy intensive. In 2000, the energy-efficient new suspension preheating and precalcining (NSP) process 2 accounted for only 10% of the Chinese cement production (Zhou, 2011) . As shown in Table 3 , the share of NSP process of China's cement production increased to 39% in 2005 and 54% in 2007. The share of NSP process cement production reached 86% in 2011 (CBMF and QEASCBM, 2012) .
Because the NSP process is much more efficient than the VSK process (CCA, 2011; QEASCBM, 2011; Zhou, 2007) , the rapid increase in the share of the NSP process resulted in a significant reduction in energy intensity of China's cement production (CCA, 2011; QEASCBM, 2011; Zhou, 2007) , which thus reduced the CO 2 emission intensity. Based on the energy statistics and energy intensity analysis of the NSP process and VSK cement production (CCA, 2011; QEASCBM, 2011; Zhou, 2007) , we separately estimated the energy consumption and CO 2 emissions for China's NSP process and VSK cement production for 2005-2007, using the IPCC default CO 2 emission factors for fossil fuels combustion (IPCC, 2006) . As the results in Table 3 show, the NSP process cement production technology significantly contributed to the reduction of emissions intensity. Table 3 . Estimating CO 2 emissions from fossil fuel use by cement production technology. Source: CCA, 2008 QEASCBM, 2011; Zhou, 2007 CCA, 2008 CCA, , 2009 CCA, , 2010 CCA, , 2011 QEASCBM, 2011. b Estimated by the authors according to the energy statistics and energy intensity analysis of different cement production technologies (CCA, 2011; QEASCBM, 2011 , Zhou, 2007 . The clinker-to-cement ratio was 73% in 2005 , 71% in 2006 , and 70% in 2007 (CCA, 2011 .
The IPCC default emission factors are recommended in the absence of country-specific data. IPCC (2006) provides the lower and upper limits of the 95% confidence interval for the effective CO 2 emission factors for fuel combustion. For example, for "other bituminous coal" which is widely used in China, the lower and upper limit of the 95% confidence interval is 89.5 and 99.7 t CO 2 per TJ, respectively.
2 The term "new dry process" is used in China to refer to the new suspension preheating and precalcining (NSP) process cement production technology. Wang (2006 Wang ( , 2008 This method is simple and convenient but it may overestimate CO 2 emissions from fossil fuel use because this fixed emission factor did not take into account the significant energy efficiency improvement of China's cement industry after 2005 (CCA, 2011; Ke et al., 2012; QEASCBM, 2011; Zhou, 2007) . For example, calculations show that the average fuel intensity of China's cement production decreased from 3.44 GJ per t cement in 2005 to 3.05 GJ per t cement in 2007 (Ke et al., 2012) . This shows that updated energy statistics are very important for estimating CO 2 emissions from fossil fuel use.
Estimation based on the emission factor adopted by Wang
Indirect CO2 emissions from electricity consumption
Estimation of the indirect CO2 emissions from electricity consumption
Cement production consumes a large amount of electricity for raw materials preparation, cement grinding, and powering other electrical equipment. Fossil-fuel based electricity production directly emits a large amount of CO 2 , while consumption of electricity is considered as emitting CO 2 indirectly. We note that the analysis of indirect emissions from electricity consumption evaluates the indirect impact of the cement industry on regional or national emissions. For regional or national CO 2 accounting, the CO 2 emissions from external electricity generation consumed by the cement industry are usually allocated to the power industry. Double-counting should be avoided in CO 2 emissions accounting and reporting (CSI, 2005 (CSI, , 2011 .
The electricity used for cement production is mainly purchased from the grid (external electricity production), but some Chinese cement plants use waste heat recovery (WHR) power generation technologies to self-generate electricity. WHR power generation can typically provide 25-33% of a cement plant's electricity demand for cement production (Zeng, 2009) . The adoption and utilization of WHR power generation technologies have been rising rapidly since 2000 due to four primary reasons (Zeng, 2009 ): (1) The Chinese industrial electricity tariff is high and self-generation can have significant economic benefit; (2) WHR power generation effectively uses waste heat and avoids large amount of fuel consumption for electricity production; (3) WHR power generation can be eligible for Clean Development Mechanism (CDM) projects; (4) the Chinese government has actively promoted WHR power generation, including granting financial incentives for its adoption, as a major energy savings and emissions reduction policy for the cement industry.
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Because WHR power generation recovers the energy in waste heat and does not consume additional fossil fuels, WHR power generation effectively reduces the total energy consumption and CO 2 emissions. Therefore, when estimating indirect emissions from electricity consumption, the electricity consumed from WHR power generation should be excluded (i.e., only externally produced electricity consumed by cement production should be taken into account).
For simplicity, we estimate CO 2 emissions from electricity production according to the national average emission factor for China's power sector. Fossil fuel-fired thermal power, hydro, and nuclear power account for most of the electricity production in China. Fossil fuel-fired thermal power contributes more than 80% of the total electricity production and coal is the main fossil fuel for thermal power (NBS, 2010a). Table 4 shows a summary of China's power industry and the average national emission factor. Hydro, nuclear power, and other renewable power generation sources are assumed to be carbon neutral. According to CSI (2005 CSI ( , 2011 , electricity transmission and distribution (T&D) losses should be excluded in the calculation of indirect CO 2 emissions from electricity consumption because electricity T&D losses are usually attributed to the power industry for national CO 2 emissions accounting. It can be argued, however, that the emissions from T&D losses should be allocated to the cement industry and not the power industry since the demand for the electricity to produce cement is based on the demand for cement. (CSI, 2005 (CSI, , 2011 .
Indirect CO 2 emissions from consumption of externally produced electricity, denoted as CE e , are estimated as follows:
where EC e denotes externally produced electricity consumed by cement production (kWh); EC t denotes total electricity consumed for cement production (kWh); EC w denotes the electricity produced by WHR (kWh); EF grid is the national average emission factor.
Because the grid emission factor is determined by the power industry, the cement industry's indirect emission from consumption of externally-produced electricity reflects the combined effects of emission intensity of the power industry and electricity consumption of the cement industry. Therefore, sources of uncertainty in the estimation of indirect emissions arise from both uncertainty in the estimation of the grid emission factors and uncertainty in the estimation of the cement industry's consumption of externally-produced electricity.
Because WHR power generation increased rapidly after 2005 and installed capacity totaled 4786 megawatts (MW) by 2010 (Zuo and Yang, 2011) , WHR power generation is becoming increasingly important in accounting for China's energy consumption and CO 2 emissions. WHR power generation can be estimated based on installed capacity or electricity generation per unit of clinker production (Zeng, 2009) . We use two estimates of WHR power generation from Zeng (2009) to estimate indirect CO 2 emissions. The first estimate, denoted as EGW1, is based on installed capacity and an assumption of 7000 hours of annual operation (Zeng, 2009 ). The second estimate, denoted as EGW2, is based on clinker production capacity and an assumption of 36 kWh electricity per t of clinker production. The second estimate (i.e., EGW2) is conservative in assuming only 30% of the incremental clinker production capacity could be used in the installation year since 2006 3 (Zeng, 2009 ).
The total electricity consumption data are taken from Ke et al. (2012) . Table 5 shows the indirect CO 2 emissions from consumption of externally-produced electricity in 2005-2007. Source: Ke et al., 2012; Zeng, 2009 Ke et al. (2012) .
b Estimated by Zeng (2009 
Estimations based on default emission factors
Wang (2008) Table 5 . We denote this method as ICE2 and note that this method may overestimate the indirect emissions given the decreasing trend of the national average emission factor. The calculations here demonstrate the importance of clearly defining the CO 2 accounting and reporting boundaries and the selection of the emission factors.
Analysis of the discrepancies and uncertainties
For comparison, the estimation results for different methodologies are listed in Tables 6-8 . Table 6 . Process CO 2 emissions from cement production. Source: CCA, 2008 CSI, 2005 CSI, , 2011 IPCC, 2006; JRC and PBL, 2011. Calculations (JRC and PBL, 2011) .
b Estimated by CDIAC (Boden et al., 2011) .
c Calculated by using the emission factor adopted by Wang (2006 Wang ( , 2008 . Ke et al. (2012) .
b Estimated by the authors according to energy statistics and energy intensity analysis of different cement production technologies (CCA, 2011; QEASCBM, 2011; Zhou, 2007) .
c Calculated by using the emission factor adopted by Wang (2006 Wang ( , 2008 . a Calculated by using the emission factor adopted by Wang (2008) .
b Calculated by using the default emission factor adopted by MEP (2011).
As Table 6 shows, the IPCC Tier 2 method (IPCC, 2006) with default emission factors gives the lowest estimate for process CO 2 emissions from cement production, while CDIAC (Boden et al., 2011) gives the highest estimate. We note that the IPCC Tier 2 method (IPCC, 2006) and the CSI clinker-based output method (CSI, 2005 (CSI, , 2011 estimates are very close and consistent. As pointed out by IPCC (2006), it is not consistent with good practice to estimate the CO 2 emissions directly using a fixed cement-based emission factor. Table 7 shows that for CO 2 emissions from fossil fuel use, LBNL estimation 1 and estimation 2 are close, while the estimation based on the emission factor adopted by Wang (2006 Wang ( , 2008 results in much higher values. As previously pointed out, the main reason that the emission factor adopted by Wang (2006 Wang ( , 2008 gives a much higher result is due to the higher fuel intensity assumption and not taking into account the changes in energy intensity of cement production in China in recent years. Table 8 shows that the estimation based on the emission factor adopted by Wang (2008) gives the lowest estimate for indirect CO 2 emissions from electricity consumption, while the estimation using the default emission factor adopted by MEP (2011) gives the highest estimate.
Given the large discrepancies between the different methodologies, we are interested in the uncertainty of the estimates in this study. To evaluate the uncertainty of the estimates, we adopt the methodologies and recommendations of the Joint Committee for Guides in Metrology (JCGM) for measurement data (JCGM, 2010).
We make the following assumptions:
(1) The different estimates are not obtained from repeated observations and the Type B standard uncertainty is evaluated by "scientific judgment using the relevant information available" (JCGM, 2010).
(2) A uniform or rectangular distribution is assumed for different estimates of process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption, due to the absence of specific information of probability distribution.
(3) The upper and lower limits are assumed to be maximum and minimum estimates of process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption, respectively. More specifically, if the maximum and minimum estimates of process CO 2 emissions from cement production by different methodologies are denoted as ) (c a  and ) (c a  , then the probability that the actual process CO 2 emissions from cement production lie within the interval
a  is assumed to be equal to one (the probability that the actual CO 2 emissions from cement production lie outside this interval is essentially zero). Similarly, it can be assumed that the actual direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions electricity consumption lie within the intervals can be taken as the expected value of the process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption, respectively. (4) The process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption are assumed to be uncorrelated.
Given the above assumptions, the variances associated with the midpoint estimates can be calculated using the follow formulas (JCGM, 2010): , where c c , c f and c e denote the process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption, respectively.
The expected value of the total CO 2 emissions from cement industry can be taken as denote the midpoint estimates of the process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption, respectively.
The associated combined variance of the total CO 2 emissions can be calculated as According to the assumptions and methodology described above, we calculate the standard uncertainty of the midpoint estimates of process CO 2 emissions from cement production, direct CO 2 emissions from fossil fuel use and indirect CO 2 emissions from electricity consumption. Combined standard uncertainty and expanded uncertainty of the estimate of the total CO 2 emissions from China's cement production are shown in Table 9 . We also list the estimate by Ke et al. (2012) in Table 9 as a reference for total CO 2 emissions. Ke et al. (2012) .
b Calculated according to the estimates analyzed in this study.
As Table 9 shows, the relative uncertainty of the estimates of the CO 2 emissions from China's cement production is in the range of 10% to 18%, which accords with the estimation by Gregg et al. (2008) . We emphasize that the uncertainty estimated in this section reflects the discrepancies between different methodologies.
Discussion and conclusions
Cement production has received worldwide attention as one of the main sources of anthropogenic CO 2 emissions. China has been the largest cement producer in the world since 1985 and currently accounts for about 50% of the world cement production. Cement production emits more CO 2 than any other industrial sector in China, when process emissions are taken into account. Table 10 shows the estimate of CO 2 emissions from China's cement production and its share in China's total fossil fuel emissions. As Table 10 shows, the cement industry accounts for 13% to 14% of China's total fossil-fuel emissions, if we take CDIAC's estimates of total fossil-fuel emissions (Boden et al., 2011) as a reference.
Because process CO 2 emissions from cement production are generally determined by the chemical reactions in the cement production process and are difficult to reduce significantly in short term, the Chinese government has focused on increasing energy efficiency, including phasing out inefficient cement production capacity and promoting the more energy-efficient NSP process for cement production (NDRC, 2009; Ze, 2010) . Statistics show that the energy efficiency of China's cement industry has improved significantly (CCA, 2011; QEASCBM, 2011; Zeng, 2010) , which in turn has reduced the direct CO 2 emissions from fossil fuel use for cement production. This significant energy efficiency improvement is very important for the reduction of CO 2 emission intensity, as the Chinese cement output will not likely decrease in the near future (Gao, 2010; Ke et al., 2012; MIIT, 2012) . Ke et al. (2012) .
c Estimated by CDIAC (Boden et al., 2011) .
From the regional and national perspective, a reliable estimate of the CO 2 emissions from cement production is important for evaluating the current situation and potential emissions reductions, making proper decisions and policies, and adopting suitable measures to reduce total CO 2 emissions. Our estimate shows that the direct CO 2 emission intensity of China's cement production (including fossil-fuel combustion emissions and process emissions) decreased from 0.724 t CO 2 per t cement in 2005 to 0.625 t CO 2 per t cement in 2009, and total CO 2 emission intensity (including fossil-fuel combustion emissions, process emissions, and indirect emissions from external electricity production) decreased from 0.806 t CO 2 per t cement in 2005 to 0.683 t CO 2 per t cement in 2009 (Ke et al., 2012 ). China's cement production soared to 1.9 Gt in 2010, implying that total CO 2 emissions from cement production could exceed 1.2 Gt if the total CO 2 emission intensity in 2009 (i.e., 0.683 t CO 2 per t of cement) is applied. However, given a relative uncertainty in the range of 10% to 18%, the estimated CO 2 emissions from China's cement industry in 2010 could be lower than 1.1 Gt or higher than 1.4 Gt, a difference of more than 0.3 Gt.
China has announced that it will reduce its carbon intensity, i.e. CO 2 emissions per unit of GDP, by 40-45% over the 2005 level by 2020 (Fu et al., 2009) . We note that the National Bureau of Statistics has revised China's energy consumption data for 1996 (NBS, 2010a , which resulted in a higher 2005 base level for this commitment. For the manufacture of non-metallic mineral products sub-sector, to which the cement industry belongs, final energy consumption in 2005 was revised upward by 14.5%. Assuming China's cement production remains at a high level until 2020 (Gao, 2010; Ke et al., 2012) , the cement industry will be a critical sector to focus on for China to meet the national 40-45% carbon intensity reduction target. More reliable estimates of the CO 2 emissions from China's cement production and their uncertainty analysis are thus very important.
Given the analyses conducted in this study, we conclude with the following remarks:
(1) The IPCC Guidelines for National Greenhouse Gas Inventories and CSI Cement CO 2 and Energy Protocol should be followed for estimating CO 2 emissions from cement production. As shown in this study, the IPCC Guidelines for National Greenhouse Gas Inventories and CSI Cement CO 2 and Energy Protocol are based on rigorous and scientific analysis and can provide comprehensive and reliable calculation results.
(2) Up-to-date statistics and analyses of raw materials inputs and clinker production and country-specific emission factors are preferred for estimating the process CO 2 emissions from cement production. It is not consistent with good practice to estimate CO 2 emissions by directly applying a fixed cement-based emission factor. CSI defaults are recommended for estimating process CO 2 emissions from cement production in the absence of relevant and specific data.
(3) Country-specific and up-to-date energy statistics and emission factors are preferred for estimating CO 2 emissions from fuel combustion for cement production. IPCC default emission factors for fossil fuel combustion are recommended in the absence of relevant and specific data.
(4) The estimation of indirect CO 2 emissions of cement production is used to analyze the impact of the cement industry on regional and national CO 2 emissions. For CO 2 emissions accounting, indirect CO 2 emissions from consumption of externally-produced electricity are allocated to the power industry and double-counting should be avoided.
(5) The magnitude of CO 2 emissions from a single industrial sector in China underscores the need to further evaluate the current estimates of cement CO 2 emissions in that country.
